INTRODUCTION
It is of paramount importance that germ cell genomes be protected from the uncontrolled propagation of mobile genetic elements. This prevents both long-term reductions in fitness through accumulation of mutations and short-term reductions in fertility due to germ cell loss. For protection to be effective, mobile elements must be distinguished from endogenous genes and selectively silenced. This presents a significant challenge, as few characteristics unambiguously mark the many families of mobile elements that colonize animal genomes .
In Drosophila, germ cells express a class of small RNAs, piRNAs, that are specialized for mobile element repression (Brennecke et al., 2007; Saito et al., 2006; Vagin et al., 2006) . These act in a nucleic acid-based innate immune system that comprises both genetically encoded (primary piRNAs) and adaptive (secondary piRNAs) resistance mechanisms. Primary piRNAs are generated from dedicated loci, called piRNA clusters, that contain the highest density of transposon-related sequences in the fly (Brennecke et al., 2007) .
Primary piRNAs join Piwi proteins and guide these to the selection of their targets. Two outcomes follow recognition of a transposon mRNA by a piRNA. First, the mRNA is cleaved, resulting in its destruction. The cleavage event also promotes the production of a secondary piRNA derived from the mRNA itself (Brennecke et al., 2007; Gunawardane et al., 2007) . Though this is in the sense orientation with respect to the transposon, it can target antisense transposon RNAs that are generated from piRNA clusters. Cleavage of such transcripts reproduces original antisense piRNAs that can again target transposons. As a whole, this creates a cycle, called the ''ping-pong cycle'' that optimizes the piRNA population to target active elements (Brennecke et al., 2007 ; reviewed in Aravin et al., 2007a) .
Features of the Drosophila piRNA system have been conserved in vertebrates. Signatures of ping-pong amplification cycles have been detected in zebrafish (Houwing et al., 2007) and mammals (Aravin et al., 2007b) . Moreover, repeat-enriched mouse piRNA clusters give rise to small RNA species in both male and female germ cells (Aravin et al., 2007b; Tam et al., 2008) . Finally, LTR and non-LTR transposons are overexpressed in male germ cells deficient in either of two Piwi family members, mili or miwi2 (Aravin et al., 2007b; Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008) .
In contrast to Drosophila, epigenetically stable repression of transposable elements in mammals requires CpG DNA methylation (Bourc'his and Bestor, 2004; Walsh et al., 1998) . Transposon methylation patterns are extensively remodeled during mammalian development. Following fertilization, gametic methylation patterns are mostly lost (Lane et al., 2003) . De novo 
Expression of Piwi Proteins though Germ Cell Development
(A) A scheme of spermatogenesis is shown with the timing of expression of mili, miwi, and miwi2 indicated. After migration, primordial germ cells (PGCs) arrive at the gonad around 11.5 dpc and expand prior to undergoing cell-cycle arrest at 15.5 dpc. The timing of cell-cycle arrest coincides with establishment of de novo DNA methylation patterns on transposable elements and imprinted genes. Germ cells resume division after birth at around 3 dpp and initiate meiotic division at 10 dpp. The first cells at pachytene and haploid round spermatid stages appear at days 14 and 20, respectively. methylation patterns are then established around implantation and subsequently maintained in somatic cells throughout the life of the organism. The germ line undergoes a wave of transposon demethylation soon after its emergence during embryogenesis, as it colonizes the gonadal compartment (Hajkova et al., 2002) . The subsequent establishment of gametic methylation patterns differs between the two sexes. In males, after migration of primordial germ cells (PGCs) into embryonic gonads and their initial expansion, germ cells arrest their cell cycle around 14.5 days postcoitum (dpc) as prospermatogonia, only resuming division 2-3 days after birth (dpp). This is the critical window during which male gametic methylation patterns are established (Kato et al., 2007; Lees-Murdock et al., 2003) .
Several members of the DNA methyltransferase family, DNMT3A, DNMT3B, and DNMT3L, act in de novo methylation of transposable elements. Catalytically active DNMT3A and DNMT3B are important in both germ and somatic cells, where they perform complementary and nonoverlapping functions. Constitutive dnmt3a or dnmt3b mutations are embryonically lethal (Okano et al., 1999) , and germ cell-conditional inactivation of dnmt3a results in sterility (Kaneda et al., 2004) . In contrast, DNMT3L operates as a central regulator of de novo methylation specifically in the germline. dnmt3L-deficient animals globally fail to establish de novo methylation of transposons in their germ cells with no other phenotypic manifestation (Bourc'his and Bestor, 2004; Kato et al., 2007) . In males, this results in uncontrolled transposon expression and eventually in spermatogenesis failure and sterility. Recent studies have begun to unravel the biochemistry of de novo DNA methylation machinery, showing that DNA methylation might be preceded by specific histone modifications Ooi et al., 2007) . However, it is still not clear how transposon sequences are specifically recognized to receive such modifications.
In the male germline, deficiency in either of two Piwi family members, mili or miwi2, results in loss of the DNA methylation marks on transposons, and mutant animals display a phenotype remarkably similar to that of dnmt3L-deficient mice (Aravin et al., 2007b; Carmell et al., 2007; Kuramochi-Miyagawa et al., 2004 . These data led to the hypothesis that Piwi/piRNA complexes might serve as sequence-specific guides that direct the de novo DNA methylation machinery to transposable elements (Aravin et al., 2007b; Kuramochi-Miyagawa et al., 2008) . Thus far, we understand little of how the piRNA system operates in the restricted developmental window that is critical to the stable epigenetic silencing of repeat elements. This prompted investigation of both Piwi protein and piRNA expression during the time in which methylation marks are established.
RESULTS

Expression of Piwi Family Members during Germline Development
The mouse genome contains three Piwi family members: mili, miwi, and miwi2. miwi is expressed from the pachytene stage of meiosis to the haploid round spermatid stage (Deng and Lin, 2002) (Figure 1A ). MILI is also present during meiosis, at which point both MILI and MIWI interact with an extremely abundant class of small RNAs, the pachytene piRNAs (Aravin et al., 2006; Girard et al., 2006) . These are derived from specific genomic loci and form a complex population of small RNAs that match only to those sites from which they are derived. The function of this subclass of piRNAs is elusive.
mili is also expressed earlier in development. Just before entry into meiosis and the onset of pachytene piRNA expression, MILI binds piRNAs, which are different in character and genomic origin from meiotically expressed piRNAs (Aravin et al., 2007b) . These are derived from a set of clustered loci that are repeat enriched and thus give rise to small RNA populations corresponding to transposons.
Loss of miwi2 gives both morphological (e.g., meiotic arrest and progressive germ cell loss) and molecular phenotypes (increased transposon expression) that resemble those resulting from mili deficiency (Aravin et al., 2007b; Carmell et al., 2007; Kuramochi-Miyagawa et al., 2004 . However, neither the developmental timing of miwi2 expression nor its subcellular localization has been reported.
We investigated mili and miwi2 expression both by using specific antibodies raised against each family member and by using transgenic animals that express GFP-and myc-tagged MILI and MIWI2 proteins under the control of their endogenous promoters. For each protein, examination of several GFP-and myc-transgenic lines and comparison to results obtained with antibodies against native proteins revealed essentially identical patterns.
We analyzed the expression of mili and miwi2 during germ line development in male and female mice. mili expression could be detected in both sexes as early as 12.5 dpc, a time when migrating PGCs have reached the somatic genital ridge ( Figure 1A , data not shown). MILI localized to numerous perinuclear cytoplasmic granules in male PGCs ( Figure 1B ). These structures were remarkably similar to nuage, which contain the Piwi proteins, AUB and AGO3, in Drosophila female germ cells. MILI was also detected in female PGCs and localized to cytoplasmic granules ( Figure 1B) . mili expression continued in both male and female germ cells after birth (see Figure S1A available online). In ovary it localized to cytoplasmic granules of both arrested and growing oocytes. In adult testis, it was expressed throughout (B) Expression of GFP-MILI and GFP-MIWI2 transgenes in prenatal (17.5 dpc) germ cells is shown. MILI exclusively expresses in germ cells and concentrates in perinuclear cytoplasmic granules in both developing testis and ovary. MIWI2 is absent in female germ cells and localizes in the nucleus as well as in cytoplasmic granules in male germ cells. MILI and MIWI2 are coexpressed in male germ cells at 17.5 dpc and are absent from somatic cells. (C) MILI, MIWI2, and MIWI complexes were immunoprecipiated from embryonic gonad at 16.5 dpc (MILI and MIWI2) or adult (MIWI) testes. Associated piRNAs were 5 0 labeled using sequential phosphatase/kinase reactions. spermatogenesis until the round spermatid stage, at which point the majority of MILI localized in a single prominent granule, the chromatoid body, as evident from colocalization with chromatoid body marker MVH (DDX4) ( Figure S1B ). MIWI2 could be detected in male germ cells beginning around 14.5-15.5 dpc but was absent from female germ cells ( Figure 1B) . MIWI2 was present in the nucleus as well as the cytoplasm. In the cytoplasm, MIWI2 occupied granules similar to but fewer in number than those containing MILI. From 15.5 dpc and until birth, both proteins were present in male germ cells ( Figure 1B) . We did not detect MILI or MIWI2 in somatic cells of the embryonic gonad. MIWI2 expression declined soon after birth, reaching undetectable levels in 4-day-old mice. Remarkably, the very short window of MIWI2 expression during male germ cell development (15.5 dpc to 3 dpp) corresponds to the time of cell-cycle arrest and de novo DNA methylation.
MILI-and MIWI2-Bound piRNA Populations during Germline Development MILI and MIWI2 complexes were recovered from male embryonic gonads isolated from 16.5 dpc embryos. Each protein associated with piRNAs of a specific size. MILI bound 26 nt. RNAs (Aravin et al., 2006 (Aravin et al., , 2007b and MIWI2 associated with 28 nt RNAs ( Figure 1C) .
We prepared libraries of piRNAs from MILI and MIWI2 complexes at 16.5 dpc and 24-33 nt total RNAs from the same stage. Additionally, we cloned libraries from 24-33 nt RNAs and MILI complexes at days 2 and 10 after birth. The small RNA libraries were sequenced, typically yielding 2-3 million small RNA reads per library. Between 40% and 70% of sequences matched perfectly to the mouse genome, and these were considered for further analysis (Table S1 ). MILI-and MIWI2-associated sequences showed a normal distribution, with peaks at 26 and 28 nt, respectively ( Figure 1D ). The profile of total cellular small RNA suggested that MILI-bound piRNAs are slightly more abundant than MIWI2 piRNAs.
At 16.5 dpc, 47.5% of all cellular small RNAs were derived from transposon sequences ( Figure 1E and Table S1 ). The other small RNAs represent fragments of abundant, larger noncoding RNAs (29.6%), sequences derived from unannotated genomic regions (20.3%), or exons of protein-encoding genes (2.5%). The overall fraction of transposon-derived piRNAs remained relatively stable during development from 16.5 dpc to 10 dpp. However, different types of transposons showed distinct patterns. The fraction of LTR-and LINE-derived piRNAs decreased, while SINE-derived sequences increased during development. The fraction of exon-derived small RNAs also increased substantially (from 2.5% at 16.5 dpc to 18.6% at 10 dpp). In mili knockout animals, LTR-and LINE-derived small RNAs were almost completely eliminated, indicating that they represent bona fide piRNAs. SINE and exon-derived small RNA were decreased in abundance but not eliminated in knockouts, suggesting that a small portion of this class derives from the degradation product of SINE-containing and genic transcripts.
Both MILI and MIWI2 associated with repeat-derived piRNAs during prenatal development ( Figure 1E ). However, MIWI2 demonstrated greater specificity for transposons. Seventy-six percent of MIWI2-bound piRNAs mapped to LTR and LINE retrotransposons as compared to 45.7% for MILI-bound species. MILI complexes also contained piRNAs derived from exons of protein-coding genes (4.8%). As observed for total RNA profiles, the fraction of MILI-bound LTR and LINE piRNAs decreased and SINE and exon-derived piRNAs increased from 16.5 dpc to 10 dpp. A large fraction of total cellular small RNAs (48.7%) and MILI-bound piRNAs (60.1%) could be mapped to a unique genomic position ( Figure S2 ). Both total small RNAs and MILI-associated piRNAs contained a subset (14%-17%) that matched highly repetitive sequences (100 or more genomic mappings). These dramatically decreased in mili mutants. In MIWI2 complexes, the fraction of uniquely mapped piRNAs was lower (35.6%) and the highly repetitive fraction was substantially higher (30.5%).
Overall, our analysis revealed that both MILI and MIW2 bind transposon-derived piRNAs during embryonic development and that the fraction of piRNAs that match active transposons classes decreases after birth. Interestingly, the partners of the two Piwi proteins are different, with MIWI2 complexes being particularly enriched in transposon-derived piRNAs.
Transposon-Derived piRNAs A substantial fraction of piRNAs matched the three major classes of transposable elements present in mammalian genomes: LTR, LINE, and SINE retrotransposons. We analyzed piRNAs derived from the representative element of each class that produced the largest number of small RNAs: the IAP LTR-retrotransposon, LINE1, and SINE B1. During development, the abundance of LINE1 piRNAs decreased and SINE increased, while IAP piRNAs showed a double peak with higher levels before birth and at 10 dpp ( Figure 2A ). LINE-and IAP-derived piRNAs were associated with both MILI and MIWI2 ( Figure 2B ). Interestingly, for both elements, piRNAs were almost equally distributed among MIWI2 and MILI complexes ( Figure 2B ). Sequences derived from exons were almost exclusively bound to MILI ( Figure 2B ).
To probe the functions of Piwi-bound small RNAs, we analyzed strand orientation of transposon-and gene-derived piRNAs. Exon-derived piRNAs were highly enriched for sense sequences. All three transposons produced substantial numbers of antisense piRNAs, with different elements showing different characteristics ( Figure 2C ). For LINE1, piRNAs were generally enriched in antisense sequences throughout development. In prenatal testis, MILI and MIWI2 had opposite strand preferences, with MILI binding more sense and MIWI2 binding more antisense piRNAs. Interestingly, strand orientation of LINE1 piRNA in MILI complexes was reversed after birth. IAP and SINE piRNAs were nearly equally divided between sense and antisense sequences in both complexes and in total piRNA populations in prenatal cells. However, at 10 dpp, sense IAP and SINE piRNAs became predominant. For all three transposons, the fraction of antisense sequences dramatically decreased in MILI-deficient animals.
These results indicate that LINE1 piRNAs are sorted into MILI and MIWI2 complexes according to strand orientation, similar to what is observed for Piwi family members in Drosophila (Brennecke et al., 2007) . However, this bias was slight for SINE B1 and was absent for IAP. These data also reveal that strand 
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The piRNA Pathway in DNA Methylation bias even within a given Piwi complex can be dynamic during development. We next analyzed the distribution of piRNAs along transposon consensus sequences ( Figure 2D) . Notably, MILI-bound LINE1 piRNAs were enriched in antisense and biased toward the 5 0 end of LINE1 in prenatal germ cells. At 10 dpp, piRNAs were less strand biased and mapped more frequently toward the 3 0 ends of the elements, likely reflecting the higher abundance of those sequences in the genome (Kazazian, 2004) . The enrichment for piRNAs mapping to LINE1 5 0 ends at 16.5 dpc implies that, at this developmental stage, piRNAs are processed from full-length, potentially active copies.
The Ping-Pong Cycle in Prenatal piRNAs Two different mechanisms, primary processing and ping-pong amplification, have been proposed to generate piRNAs (Brennecke et al., 2007 ; reviewed in Aravin et al., 2007a) . Primary processing samples single-stranded piRNA precursor transcripts, generating a diverse set of piRNA sequences that share a preference for 5 0 uridine (1U). Pachytene piRNAs are exclusively produced by the primary processing mechanism. A subset of prepachytene piRNAs in mouse (Aravin et al., 2007b ) and a substantial fraction of Drosophila piRNAs (Brennecke et al., 2007) are generated by a mechanism that depends upon the endonuclease activity of Piwi proteins and that is referred to as the ping-pong amplification cycle.
The ping-pong cycle requires the presence of transcripts that are complementary to primary piRNAs. Recognition by primary piRNAs guides the endonuclease activity of Piwi proteins, which cleave the transcript 10 nt from the 5 0 end of the original piRNA (Brennecke et al., 2007; Gunawardane et al., 2007) . This event generates the 5 0 end of a new secondary piRNA. These show a strong bias for adenine at position 10 (10A), complementing the 1U bias of primary piRNAs ( Figures 3A and 3B ). Secondary piRNAs can also generate new piRNAs by recognizing and cleaving complementary transcripts to regenerate the piRNA that initiated the cycle. Thus, only secondary piRNAs are enriched for 10A. Although piRNAs with the sequence identical to original primary piRNA can be created during the cycle (following cleavage by a 10A secondary piRNA), these 1U-biased species remain reflective of a primary species that initiated the cycle. Thus, we consider the 1U population to be reflective of primary piRNA biogenesis.
We investigated the existence of the ping-pong cycle in prenatal germ cells and the roles of MILI and MIWI2 in this process. Tracking a specific feature of ping-pong piRNA pairs, the 10 nt offset between 5 0 ends of piRNAs, showed that both MILI and MIWI2 participate in the amplification cycle. The most prevalent signatures indicated MIWI2-MIWI2 and MIWI2-MILI cycles ( Figure 3C ).
In Drosophila, Piwi proteins participating prominently in the ping-pong cycle show piRNA strand specificity (Brennecke et al., 2007) . We tested whether similar characteristics defined the ping-pong cycle in prenatal testis. Ping-pong pairs in which the sense strand associated with MILI and antisense with MIWI2 were more abundant than pairs with the opposite character ( Figure 3D) . Surprisingly, this held true not only for LINE1 piRNAs that are generally asymmetrically distributed in MILI and MIWI2 complexes but also for IAP piRNAs that do not show a protein-dependent strand bias overall.
As was seen for strand orientation, MILI and MIWI2 complexes also discriminated primary and secondary piRNAs. We calculated the preference (primary/secondary [P/S] ratio) by taking the number of piRNAs that show 1U but no 10A bias (primarylike) and dividing it by the number that show a 10A but no 1U bias (secondary piRNAs). It should be noted that this approach ignores all sequences with both 1U and 10A, as these cannot be assigned to primary or secondary categories. Prenatal piRNAs are strongly enriched in secondary sequences as compared to pachytene piRNAs, which appear to be generated exclusively by primary processing (P/S ratios of 5.13 and 21.2, respectively). LINE1 and IAP piRNAs showed strong signals for secondary sequences as compared to exon-derived piRNAs, which, given a lack of antisense information, must be generated by primary processing ( Figure 3E ). MIWI2 complexes were 2-fold enriched in secondary piRNAs as compared to MILI. Overall, our data indicate distinct roles for MILI and MIWI2 in the piRNA-processing pathway. MILI is biased toward primary piRNAs and 1U-containing piRNAs generated in the ping-pong cycle. MIWI2 is particularly enriched in secondary sequences.
Finally, we probed the correlation between the strand orientation of transposon piRNAs and their processing category (primary or secondary). In both MILI and MIWI2 complexes, antisense piRNAs were enriched for secondary sequences. MILI-associated sense piRNAs had a P/S ratio of 4.46 versus 2.02 for antisense, and MIWI2-associated sense and antisense piRNAs had P/S ratios of 2.54 and 1.40, respectively ( Figure 3F ).
Overall, these data are consistent with a model in which sense transcripts, most likely mRNAs of active transposons, represent the major substrate for primary processing and result in piRNAs associated with MILI. MILI-associated primary sense piRNAs recognize and cleave transcripts that contain transposon sequences in the antisense orientation and generate secondary piRNAs that join MIWI2 complexes. This is precisely opposite to the bias observed in Drosophila, in which primary piRNAs are mostly derived from piRNA clusters and are enriched for antisense strands while secondary piRNAs are sense.
Ping-pong relationships between MILI and MIWI2 suggest a need for physical proximity. Colocalization of MILI and MIWI2 was investigated by immunofluorescence in 17.5 dpc germ cells. Though MIWI2 was mainly present in the nucleus, MIWI2-containing cytoplasmic granules colocalized with or were in close proximity to MILI-containing granules ( Figure 4A ). MILI granules were more abundant as compared to MIWI2 granules, and many MILI granules did not interact with MIWI2 foci. In miwi2-deficient cells, MILI localization in cytoplasmic granules did not change ( Figure 4B, lower panel) . In contrast, in mili mutants MIWI2 relocalized from the nucleus to the cytoplasm, where it was uniformly distributed rather than concentrating in granules ( Figure 4B , upper panel). Notably, we detected no MIWi2-associated piRNAs in Mili mutants ( Figure 4C ), indicating that MIWI2 remains unloaded when MILI is absent. This epistatic relationship between MILI and MIWI2 supports the proposed directionality of their interaction, wherein MILI initiates the cycle with primary piRNAs and the production of secondary piRNAs associated with MIWI2 depends upon the prior existence of these species. 
The piRNA Pathway in DNA Methylation
Genomic Origins of Prenatal piRNAs
Derivation from clustered loci in the genome has been a defining feature of piRNAs, and these loci play an important role in piRNA generation in both Drosophila and vertebrates (Aravin et al., 2006 (Aravin et al., , 2007b Brennecke et al., 2007; Girard et al., 2006; Lau et al., 2006) . To investigate the genomic origin of prenatal piRNAs, we searched for unambiguously mapping sequences in close proximity in the genome. Using a threshold value of 10 piRNAs per kilobase, we identified 3399 clusters, which were ranked by their relative contributions to piRNA populations. Though the most prominent cluster gave rise to almost 10% of all uniquely mapped piRNAs, the individual contribution of each subsequent cluster dropped dramatically ( Figure 5A ). Combining all clusters yielded about 8 Mb of genomic space, which could accommodate only 50% of all uniquely mapping piRNAs. This suggests fundamental differences from the pachytene piRNAs (Aravin et al., 2006; Girard et al., 2006) and even those prepachytene piRNAs that occupy mili at 10 dpp (Aravin et al., 2007b) . In fact, most prenatal clusters actually represent individual transposons and transposon fragments. Expression from all clusters was eliminated in mili mutants ( Figure 5B ). Analyzing the expression of clusters that gave rise to the greatest numbers of piRNAs indicated developmentally regulated expression patterns. Only cluster #2 on chromosome 10 persisted in its expression through day 10 dpp. Interestingly, this cluster was also highly expressed in ovary ( Figure 5B ).
Unlike piRNA clusters identified in mammals thus far, six out of the eight most prominent prenatal clusters generate piRNAs from both genomic strands (double-strand clusters). This arrangement is very similar to piRNA clusters in Drosophila ovary (Brennecke et al., 2007) . The two most prominent clusters (#1 chr. 7 and #2 chr. 10) show profound strand asymmetry, with the vast majority of piRNAs being derived from one genomic strand (single-strand clusters). As with Drosophila flamenco, these clusters also showed enrichment for similarly oriented transposon fragments and for the generation of piRNAs that are antisense to transposon mRNAs ( Figure 5C) . Surprisingly, double-stranded clusters are not particularly enriched in transposon sequences. Both single-strand and double-strand clusters produced piRNAs in MILI and MIWI2 complexes ( Figures 5C and 5E ). However, even in double-strand clusters, MILI-bound piRNAs were strongly biased for one of the two genomic strands ( Figure 5E ). 
. Interaction between MILI and MIWI2 Complexes in Germ Cells
(A) Colocalization of MILI and MIWI2 granules is shown. Detection of MILI and MIWI2 in 17.5 dpc germ cells was performed in Myc-MIWI2 transgenic animals using anti-myc and anti-MILI antibodies. Note that MILI granules are smaller but more numerous as compared to MIWI2 granules. (B) MIWI2 localization depends on MILI. MIWI2 was detected in 17.5 dpc prenatal testes of heterozygous and homozygous mili embryos (upper panels). MIWI2 is present in the germ cells of mili mutants but almost completely delocalizes from the nucleus to the cytoplasm, where it is uniformly distributed. MILI localization in cytoplasmic granules does not change in miwi2-deficient animals (bottom panels). (C) MIWI2-associated piRNA cannot be detected in mili mutants. MILI and MIWI2 complexes were immunoprecipitated from testis extracts prepared from 16.5-18.5 dpc heterozygous (+) and homozygous (KO) mili embryos. Associated small RNA species were labeled using sequential phosphatase/ kinase reactions.
Size profiles of total cellular piRNAs indicated that single-strand clusters produced significantly more MILI-bound piRNAs (Figure 5D ), while double-strand clusters contributed to MILI and MIWI2 complexes equally ( Figure 5F ).
piRNAs derived from clusters participate in the ping-pong cycle (data not shown). For cluster-derived piRNAs, MIWI2 remained biased toward secondary piRNAs as compared to MILI ( Figure 5G ). Single-strand clusters produced more primary piRNAs in both MILI and MIWI2 complexes than did doublestrand clusters. Indeed, the P/S ratio of MILI-bound piRNAs derived from the single-strand cluster on chr. 7 (16.21) was close to that of pachytene piRNAs (21.2).
If ping-pong amplification operates by interaction of piRNAs from single-strand clusters with transposon mRNAs in trans, MIWI2, which is enriched in secondary piRNAs, should contain more transposon-derived piRNAs than MILI. Indeed, for the two single-strand transposon-rich clusters (#1 chr. 7 and #2 chr. 10), MIWI2 was particularly enriched in transposon-derived piRNAs ( Figure 5H , left panel). The difference between MILI and MIWI2 complexes was even more dramatic when strand orientation was taken into account. For both clusters, MIWI2 was enriched in piRNAs that match transposons in the antisense orientation ( Figure 5H, right panel) . These data indicate that the ping-pong cycle strongly shapes piRNA populations and enhances the production of piRNAs that match transposons in the antisense orientation.
DNA Methylation and Piwi/piRNA Pathway DNA methylation is critical to stable, epigenetically inherited silencing of transposons, and this is lost upon mutation of either MILI or MIWI2 (Aravin et al., 2007b; Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008) . DNMT3L, a catalytically defective member of the DNA methyltransferase family, is essential for both proper transposon methylation and transposon repression (Bourc'his and Bestor, 2004) . DNMT3L acts together with the catalytically active de novo methyltransferases DNMT3A and DNMT3B to establish methylation patterns (Chen et al., 2005; Gowher et al., 2005; Suetake et al., 2004) . We sought to order MILI and MIWI2 with respect to other pathway components. Since DNMT3L acts as a coordinator of methylation activities in the male germ line, we examined the integrity of the piRNA pathway in dnmt3L-deficient animals.
We immunoprecipitated MILI from testes of 10 dpp dnmt3L-deficient animals and their wild-type littermates and found that piRNAs were still present in mutant animals ( Figure 6A ). Cloning and analysis of small RNA libraries showed that the fraction of LTR and LINE retrotransposon piRNAs increased, while the fraction of SINE piRNAs decreased in dnmt3L mutants (Figure 6B, left panel) . This was consistent with northern blotting for an abundant IAP-derived piRNA, which also increased in abundance in the mutant ( Figure 6C ).
Several lines of evidence indicated that increases in LTR and LINE piRNAs might be linked to derepression of these elements and the increased capacity of transposon mRNAs for entry into the piRNA pathway. First, LINE and LTR elements lost methylation and silencing, showed increased expression, and contributed a greater number of sense piRNAs in dnmt3L mutants. In contrast, SINEs (B1) were neither affected at the level of DNA methylation and expression nor contributed increasingly to piRNA populations in mutant animals (A.A.A. and G.J.H., unpublished data) . Moreover, LINE and LTR piRNAs that increased in dnmt3L mutants corresponded to elements that are close to consensus and thus potentially expressed under circumstances in which methylation was lost ( Figure 6B, right panel) .
As an example, piRNAs derived from IAP elements showed the greatest change in dnmt3L mutants, and this was mainly due to a dramatic increase in sense small RNAs (Figures 6C  and 6D ). This pattern was also obvious when the distribution of piRNAs along the IAP consensus was displayed ( Figure 6E) . Normally, the ratio of primary to secondary sequences in MILI complexes decreases after birth and approaches that of MIWI2 in prenatal germ cells ( Figure 6F , compare to Figure 3E ). In dnmt3L-deficient animals, the ratio of primary to secondary IAP piRNA increased 6-fold as compared to wild-type. This strongly supports the model in which mRNAs from IAP elements, which show increased expression in dnmt3L mutants, flow into the piRNA pathway as a source of primary piRNAs.
Considered, these data support a model in which the piRNA pathway acts upstream of DNMT3L, and consequently DNMT3A and DNMT3B, to help establish patterns of DNA methylation on repeat elements. This interpretation rests on the observation that while mutations in methyltransferase family members impact cytosine methylation, they leave the piRNA pathway largely intact, affecting only the composition of small RNA populations in a manner that can be rationalized by the impact of loss of methylation on transposon expression. In contrast, loss of the piRNA pathway prevents the recognition and silencing of potentially active transposons by the DNMT3L pathway.
DISCUSSION Dynamic Expression of Piwis and piRNAs
The mouse genome encodes three Piwi proteins. MIWI is expressed beginning at the pachytene stage of meiosis (Deng and Lin, 2002) and together with MILI binds to nonrepetitive pachytene piRNAs whose function remains unknown (Aravin et al., 2006; Girard et al., 2006) . MIILI is expressed very early in germ cell development and persists through the completion of meiosis. Deficiency in either MILI or MIWI2 causes increased transposon expression and similar defects in meiosis and germ cell survival (Aravin et al., 2007b; Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008) , suggesting their cooperation in the same pathway. Results reported herein support an intimate connection between MILI and MIWI2 in transposon control.
MIWI2 protein had not previously been detected, leaving its developmental expression profile and subcellular localization unknown. We found that both MILI and MIWI2 are expressed in prospermatogonia during embryogenesis. MILI can be detected in both male and female germ cells starting at 12.5 dpc, soon after PGCs arrive at the embryonic gonad, and continues to be expressed after birth throughout both oogenesis and spermatogenesis. In contrast, miwi2 expression can be detected exclusively in male germ cells in a window from 15 dpc to soon after birth. The timing of miwi2 expression precisely corresponds to the stage of cell-cycle arrest when prospermatogonia establish de novo methylation patterns (Lees-Murdock et al., 2003; Trasler, 2006; Walsh et al., 1998) . Furthermore, it coincides with the time when expression of LINE1 elements (Trelogan and Martin, 1995) and an IAP transgene (Dupressoir and Heidmann, 1996) can be detected in wild-type testes. Overall, our data show that two Piwi members are coexpressed in primordial male germ cells at the moment that is critical for establishing epigenetically stable silencing of mobile elements.
Developmental profiling revealed unexpectedly dynamic piRNA populations. Previously we reported that the expression of abundant, repeat-poor piRNAs, pachytene piRNAs, during meiosis is preceded by the appearance of another transposonenriched piRNA population, prepachytene piRNAs (Aravin et al., 2007b ). Here we showed that the composition of the prepachytene piRNA pool changes throughout development, even though at least one binding partner, MILI, is expressed throughout the entire window examined. Changes are observed in the types of transposons targeted, the strand bias of populations, the distribution of piRNAs along transposon consensus sequences, and the degree to which primary and secondary piRNAs populate the pathway.
It is likely that the dynamics of piRNA populations reflect a complex interplay between the expression of Piwi proteins, transposable elements, and piRNA clusters. Particularly, we note a switch from the ''MILI/MIWI2'' ping-pong cycle that operates before birth to one containing MILI alone after birth. Since amplification of piRNAs in the ping-pong loop depends on the presence of transcripts from active elements, piRNA populations should be greatly influenced by the expression level of transposons. Accordingly, we found the highest fraction of LINE and IAP-derived piRNAs at 16.5 dpc, the time at which both elements are actively expressed (Dupressoir and Heidmann, 1996; Trelogan and Martin, 1995) . Finally, the expression of piRNA clusters changes during development. The majority of clusters expressed in prenatal testes no longer produce piRNAs postnatally, at which point a different set of clusters predominates. Overall, our data highlight the highly dynamic nature of piRNA populations that are shaped to provide an adequate response to active transposable elements.
The piRNA Ping-Pong Cycle Analysis of piRNA sequences in both flies and mouse indicates the existence of two classes of piRNAs, primary and secondary (reviewed in Aravin et al., 2007a) . Most primary piRNAs in Drosophila are antisense to transposons and are derived from few large piRNA clusters that contain a diversity of transposon fragments (Brennecke et al., 2007) . In mice, during prenatal development, the situation appears to be quite different. We find that primary piRNAs in mouse are predominantly sense oriented with respect to transposon transcripts and appear to derive mainly from transposon mRNAs instead of from piRNA clusters. The processing of primary piRNAs from transposon mRNAs is supported by several observations. Primary LINE1 piRNAs are biased toward the 5 0 end of this element, suggesting that they are generated from transcripts of active full-length LINE1 elements; the majority of LINE1 fragments in the genome are inactive, 5 0 truncated copies (Kazazian, 2004) . Furthermore, increases in sense, primary IAP piRNAs are observed in dnmt3L mutants that derepress these elements. These observations indicate that transposon mRNAs can be efficiently used as substrates for primary piRNA processing. Though long piRNA clusters do exist in mouse prenatal germ cells, dispersed transposon copies outweigh their contribution to the system. Currently, it is unclear how transposon transcripts are distinguished from cellular mRNAs as an input into the piRNA system. An alternative hypothesis is that they are indeed not distinguished but that the transcriptome is instead essentially sampled at random, with only those sequences that encounter complimentary antisense transcripts truly engaging the pathway and increasing their relative abundance through a ping-pong cycle. This hypothesis is supported to some degree by the prevalence of piRNAs from exons of normal protein-coding genes. These genic piRNAs are almost exclusively primary and might be considered as by-products of a random sampling of transcriptome for piRNA generation. In contrast, piRNAs from transposonpoor double-stranded piRNA clusters might represent by-products of the ping-pong amplification acting on loci in the genome that happen to be transcribed bidirectionally. In this case, Figure 5 . Genomic Origins of Prenatal piRNAs (A) Prenatal MIWI2 piRNA clusters were identified by scanning the genome using a 1 kB sliding window to find loci that produce at least 10 uniquely mapped piRNAs per kB. More than 3000 piRNA clusters were thus identified and arranged by the number of uniquely mapped piRNAs that they produce from left to right. Shown are the genomic size of each cluster (black diamonds) and the cumulative fraction of piRNAs contributed by clusters (red curve). (B) Expression patterns and features of the eight most prominent piRNA clusters. Expression is calculated as a fraction of cluster-derived piRNAs in total RNA populations normalized for expression level at 16.5 dpc. Also shown is the genomic strand orientation of piRNAs produced by each cluster (strand asymmetry) and the fraction of cluster-derived piRNAs that matches the antisense strand of transposons. piRNA density and size profiles of piRNAs for clusters #1 and #3 are shown in (C) and (D) and (E) and (F), respectively. (C) piRNA density is shown for the most prominent piRNA cluster (chr. 7, 6526000-6612000). The cluster spans 70 kB and is enriched in transposon sequences (LINE and LTR). The majority of transposons are located on the plus genomic strand, and piRNAs are exclusively derived from the minus strand. Therefore, the majority of cluster-derived piRNAs are antisense to transposons. (D) The size profile of piRNAs derived from cluster #1 is shown. (E) piRNA density is plotted for cluster #3 (chr. 8, 48701000-48723000). This cluster is not significantly enriched in transposon sequences. (F) The size profile of piRNAs derived from cluster #3 is shown. (G) Processing features are displayed for piRNAs derived from clusters. The ratio of primary (1U, no-10A) to secondary (no-1U, 10A) piRNAs is shown for total MILI-and MIWI2-bound populations and for piRNAs uniquely mapped to two piRNA clusters (#1, single-strand, [C] , and #3, double-strand, [E] ). For the doublestrand cluster #3, the ratio of primary to secondary piRNAs in both complexes is similar to that of total population. For the single-strand cluster #1, both MILI and MIWI2 are enriched in primary piRNAs. complementary transcripts are readily available in cis, allowing robust operation of the ping-pong cycle in the absence of transcripts in trans.
Overall, our data indicate that in mouse the initiating input for the ping-pong cycle is different than in Drosophila. In mouse, primary processing of mRNAs of active elements generates sense piRNAs that start the cycle, while in Drosophila primary piRNAs are often antisense to transposons and are processed from few specialized piRNA clusters (Figure 7) . Recognition of transposon mRNAs as a source for primary processing and an independence from piRNA clusters might allow greater flexibility in response to expansion of transposable elements in mammals. However, it also poses the problem of how transposons are distinguished from host genes. 
Specialized Functions of MILI and MIWI2 Proteins
Both the content of their associated piRNA populations and their intracellular location suggest that MILI and MIWI2 play quite specialized roles in the piRNA pathway and in transposon silencing. Several lines of evidence suggest that MILI might be the principal recipient of piRNAs generated by the primary processing mechanism. MILI complexes are enriched for 1U-containing species, and exonic piRNAs for which no ping-pong partners are found populate MILI complexes almost exclusively. Single-strand clusters, which appear to be processed mainly by the primary mechanism, contribute disproportionately to MILI. Finally, MILI seems to act upstream of MIWI2, consistent with its being a recipient of primary piRNAs. Subcellular compartmentalization of these proteins also supports functional specialization. MIWI2 is found predominantly in the nucleus, while MILI is cytoplasmic. The impacts of mutations in this cytoplasmic family member on DNA methylation can be explained by downstream effects on MIWI2. Indeed, we found that MIWI2 lacks piRNA partners and is lost from the nucleus in MILI mutants. A subset of MIWI2 is cytoplasmic and is found in or near MILI-containing granules. This colocalization is consistent with MILI and MIWI2 acting as partners in the ping-pong cycle.
Interactions between Piwi/piRNA and Chromatin/DNA Methylation Pathways During the development of PGCs into prospermatogonia, methylation on mobile elements is erased and re-established (Trasler, 2006) . We and others previously showed that mutation of either MIWI2 or MILI results in substantial demethylation and derepression of IAP and LINE1 elements (Aravin et al., 2007b; Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008) . Results presented here implicate these proteins in establishment rather than in maintenance of methylation patterns and support the idea that piRNAs serve as guides that direct the DNA methylation machinery to transposon sequences. This conclusion is supported not only by the nuclear localization of MIWI2 at the critical time when methylation patterns are established but also by indications from small RNA sequencing that both MILI and MIWI2 act upstream of DNMT3L, which in turn acts upstream of the de novo methyltransferases DNMT3A and 3B.
Overall, our data can be synthesized into a model (Figure 7 ) in which loading of MIWI2 complexes with piRNAs depends on MILI function. This occurs through a ping-pong cycle that functions in cytoplasmic granules reminiscent of nuage and results in MIWI2 becoming enriched in antisense piRNAs targeting active elements. MIWI2 likely shuttles between the cytoplasm, where it acts in the ping-pong cycle, and the nucleus, where the majority of protein appears. Here it may recognize chromatin-bound nascent primary transcripts from active elements. Using coimmunoprecipitation from embryonic testes, we did not detect interaction between MIWI2 and de novo methyltransferases, Dnmt3a and Dnmt3b (data not shown); therefore, it is unlikely that piRNA-containing complexes directly bring DNA methyltransferases to their targets. With reference to pathways that are becoming increasingly well understood, particularly in S. pombe (Verdel and Moazed, 2005) , piRNA complexes, bound to nascent transcripts, may simultaneously cleave those RNAs The mouse (A) ping-pong cycle is reversed as compared to Drosophila (B). In Drosophila, primary processing of long transcripts derived from piRNA clusters produces both sense and antisense piRNAs that enter a ping-pong cycle that involves AGO3 and AUB. AGO3 primarily binds sense secondary piRNAs, and AUB binds primary antisense piRNAs. In mouse piRNA, clusters are not the major source of primary piRNAs ( Figure 5A ). mRNAs of active transposable elements likely represent the substrate for primary processing resulting in sense piRNAs that preferentially associate with MILI. In prenatal testis, both MILI and MIWI2 participate in the amplification cycle. MIWI2 is specifically enriched in secondary antisense piRNAs as compared to MILI. Antisense piRNAs guide DNA methylation of transposable elements sequences in the nucleus, probably through recognition of nascent transposon transcripts. After birth, when MIWI2 is no longer expressed, MILI continues to operate the cycle alone. If DNA methylation of transposon sequences is impaired due to downstream mutations in methyltransferase proteins, overexpression of transposon transcripts boosts primary processing and increases the fraction of primary sense piRNAs. and recruit chromatin-modifying enzymes to establish epigenetically stable repression marks that eventually lead to de novo DNA methylation. However, the precise pathway through which small RNAs act to induce the deposition of methylation marks remains a mystery at present.
EXPERIMENTAL PROCEDURES
Animals and Transgenic Constructs CD-1 wild-type mice were purchased from Charles River Lab. The miwi2 and dnmt3L knockout strains are described in Carmell et al. (2007) and (Bourc'his and Bestor (2004) , respectively. The mili knockout strain was obtained from Haifan Lin (Yale University) and is described in Kuramochi-Miyagawa et al. (2004) . Transgenic animals expressing tagged MILI and MIWI2 were produced by BAC recombineering (see the Supplemental Data).
Antibodies
Rabbit polyclonal antibodies against MILI were described in Aravin et al. (2007b) . Synthetic peptides (N-MSGRARVRARGIC-C and N-GITTGHSARE VGRSSRDC-C) were used to raise rabbit polyclonal antibodies against MIWI2.
MILI and MIWI2 Detection
To detect GFP-fused MILI and MIWI2, dissected testes were fixed for 10-15 min in 4% paraformaldehyde in PBS, washed in PBS, and mounted in 30% glycerol in PBS. For immunofluorescence, testis were fixed in either Bouin's solution or 4% paraformaldehyde (for details, see the Supplemental Data).
Simultaneous detection of MILI and MIWI2 in germ cells was performed using slides prepared from 3xMyc-MIWI2 transgenic animals using anti-myc (clone 4A6, Upstate) and anti-MILI antibodies.
Small RNA Libraries MILI and MIWI2 ribonucleoprotein complex immunopurification, RNA isolation, library construction, and annotation were performed as described previously (Aravin et al., 2007b) . For ovarian libraries, 24-33 nt total RNA was isolated from ovaries dissected from CD1 females.
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The Supplemental Data include Supplemental Experimental Procedures, two figures, and one table and can be found with this article online at http:// www.molecule.org/cgi/content/full/31/6/785/DC1/.
